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Introduction
A drug-device system offers a higher efficiency on the dose control over a specific targeted tissue and reduces the side effects to non-targeted tissues as compared to the systemic drug delivery method [1] . Medical implants are often used as the vehicle for that kind of system such as an absorbable drug eluting stent that releases anti-proliferative drug on smooth muscle cells [2] , and a bone scaffold that delivers anticancer drugs [3] . The porous structure of the scaffold can be loaded with anti-cancer agents to simultaneously provide tumour therapeutic effect while stimulate bone formation.
A C C E P T E D
M A N U S C R I P T A dipping method was used to coat the CP particles on the porous iron. A study was conducted to determine the optimum concentration of CP that gives the highest coating deposition. 5 different CP concentrations were varied; 300, 400, 500, 600 and 700 mg/mL.
The CP solution was prepared by dissolving CP particles in acetone under constant stirring at 100 rpm for 5 minutes. Then, the porous iron samples (6 mm x 6 mm x 1.6 mm dimension)
were hang by threads and completely dipped into the CP solution for 3 minutes at room temperature. The CP-coated porous irons (CP-Fe) were taken out and were let to dry for 72 hours at room temperature. The weights after coating were determined by an analytical balance (Shimadzu, model ATY 124).
Physical characterizations of CP particles and CP-Fe scaffolds
500 µL of the CP suspension were dropped on a 2 mm-thick stainless steel plate and were kept dried for 24 hours at room temperature. Prior to FESEM observation, the dried CP samples were sputter-coated with platinum (Q150R S model, Quorum, UK). The FESEM observations were performed at 2 kV voltage. Besides, the coating infiltrations were also examined using Scanning Electron Microscope (Table- top SEM, Hitachi). The cross-sections of the coated scaffolds were prepared by cutting the scaffolds with a sharp razor blade in liquid nitrogen [33] .
Interfacial interactions by XPS and ATR-FTIR analyses
For ATR-FTIR analysis, infrared absorbance spectra were obtained with 32 scans per sample over the range of 500-4000 cm -1 and then subtracted from the background ratios and plotted using OriginPro (OriginLab, USA). Three repetitions were performed for each sample to get
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A C C E P T E D M A N U S C R I P T 6 a reproducible result. XPS spectra were recorded with use of monochromated Al Kα excitation at a pass energy of 80 eV for survey spectra and 20 eV for the core-level and valence band spectra. Spectra are decomposed with the CasaXPS peakfit software (version 2.3.15, Casa Software Ltd., UK). The signals of high-resolution spectra were deconvoluted at full width at half maximum (FWHM) of less than 1.5. A Gaussian/ Lorentzian product function peak shape model GL(30) (70% Gaussian, 30% Lorentzian) was used in combination with a Shirley background.
Long-term drug release study
The amounts of curcumin incorporated in the CP-Fe scaffolds were determined prior to the release study. The Cur-Fe and CP-Fe samples were immersed in 40 mL acetone in a centrifuge tube. The immersed samples were subjected to a constant agitation of 100 rpm for 15 minutes to leach out the curcumin into acetone [34, 35] . Then, the solutions were centrifuged at 6000 rpm for 3 min, and the supernatant was collected for absorbance determination at the wavelength of λ=425 nm. The drug release test was performed using sample-and-separate method, as have been used widely in previous studies [36] . CP-Fe samples (2 x 2 x 2 mm 3 in dimension) were immersed in 14 mL PBS solution at physiological pH of 7.4 in a centrifuge tube under constant shaking in a water bath at 100 rpm and at 37 °C. PBS is one of the common simulated body fluid and it is used to simulate the biological solution due to its ion concentrations which closely match those of the human body and non-toxic medium to living cells [37] . It contains sodium hydrogen phosphate (2.89 g/L Na 2 HPO 3 ), sodium chloride (8.1 g/L NaCl), potassium chloride (0.2 g/L KCl) and potassium dihydrogen phosphate (0.2 g/L KH 2 PO 3 ) [38] . It is suitable for long-term in vitro biological evaluation [39, 40] . At predetermined time interval, 1 mL aliquot of the solution was withdrawn using a micropipette for absorbance analysis to measure the released curcumin; then 1 mL of fresh PBS was added to replenish and to maintain the total dissolution volume. The amount of curcumin released was measured spectroscopically in a 96-well plate via a microplate photometer (Multiskan FC, Thermo Scientific, US) at 425 nm wavelength. Pure Fe, pure PLGA and PLGA-Fe were employed as controls. Five samples from each group were tested. The cumulative releases of the curcumin are determined based on the daily releases.
Degradation tests

ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T
Potentiodynamic polarization (PDP) test
Prior to the PDP test, pure Fe samples were subjected to surface finishing by mechanical grinding using silicon carbide SiC papers (#1200) followed by polishing using alumina suspension (0.3 µm, Presi, France) and polishing cloth. Then the polished Fe samples were coated with the CP using the same optimum parameters obtained earlier. The coated Fe samples (CP-Fe) were cold-mounted in acrylic resin and were attached with copper wires.
The coated scaffolds were then dried at ambient temperature for 72 hours. The PDP test was conducted using a potentiostat (Versastat 3, Princeton Applied Research, USA) and deploying a standard three-electrode system in 250 mL PBS solution with graphite rod as the auxiliary and Ag/AgCl (NaCl, 3. standard [41] . The degradation rates of the samples were determined based on the ASTM G59 standard with the aid of an electrochemical software (EC-Lab V11.01, BioLogic, France). Five samples from each group were tested and the tests were repeated twice to obtain reproducible results.
Weight loss measurement
Static immersion test was performed on pure Fe, Cur-Fe, 80C-20P-Fe and PLGA-Fe samples where each 5 specimens (6 × 6 × 1.6 mm in dimension) were immersed in 14 mL PBS solution in a 15-mL glass beaker. The temperature was maintained at 37 ± 0.5 °C by placing the beakers in an isothermal water bath. Weight loss was measured at week 1, 2, 3 and 4 on 5 specimens from each group. At the predetermined times, the specimens were taken out and rinsed in deionized water then underwent mechanical cleaning through a gentle brushing using a soft brush to remove the degradation products. Then the samples were subjected to further cleaning by immersing the samples in 20 mL deionized water with the aid of 0.1% v/v nitric acid in ultrasonic bath at 37°C for 1 minute in accordance with the ASTM G31, ISO 8407:2009 and ASTM G1-03(2011) standards [42, 43] . Then, the samples were dried in vacuum for 30 minutes followed by drying in an oven for 15 minutes at 40°C. The specimens were allowed to cool in a desiccator to the room temperature for 10 minutes before weighing.
The final weights of the dried specimen then were measured by an analytical balance
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A C C E P T E D M A N U S C R I P T 8 (Shimadzu, model ATY 124). The weight losses of the samples were computed as the difference between the initial weight and the final weight of the samples. In addition, ATR-FTIR analysis was also performed on the dried samples to investigate the PLGA hydrolysis that occurred on the degraded scaffolds.
Effect of PLGA on CP's conductivity
The 80C-20P, 50C-50C, 40C-60P and 20C-80P particles were cold-pressed at 3000 psi using a hydraulic press (E-Z Press™, ICL, USA) producing pellets with 1.0 mm in thickness and 13.0 mm in diameter. Then the pellets were attached to a copper wire and cold-mounted using acrylic resin. The ability of PLGA to promote ionic conductivity was assessed by electrochemical impedance spectroscopy (EIS) technique. The samples were immersed in 250 mL PBS solution and the test was carried out using a standard three-electrode system as in the PDP test with graphite rod as the auxiliary and Ag/AgCl (NaCl, 3.5 M) as the reference electrodes. The samples acted as working electrodes have 1.13 cm 2 exposed area.
VersaStudio software (Princeton Applied Research, USA) was used for data acquisition at open circuit potential over a frequency range of 100 kHz down to 10 mHz using a peak-topeak 10 mV sinusoidal perturbation. Lower absolute impedance is indicative of the improved ionic conductivity. The electrical conductivity of the pellets was measured using a linear four-point probe conductivity cell with uniform 2.0 mm spacing between probes. A source meter (Keithley Instruments, USA) was used to apply currents of 0.01, 0.1, 0.5 1.0 and 1.5 nA to the pure curcumin and CP pellets and then the corresponding voltage were measured.
Then, the I-V curves were constructed and the resistance was determined based on the curve.
The conductivity of the CP pellets was quantified based on the obtained resistance and samples' cross-sectional area and length.
Electrochemical impedance spectroscopy (EIS)
The EIS experiments were performed to evaluate the coating behaviour towards iron degradation over immersion time. The samples were immersed in 10 mL PBS solution and
were taken out at the predetermined time intervals to be tested via EIS. Three different groups were tested; pure Fe, Cur-Fe and 80C-20P-Fe. Five samples from each group were tested in 250 mL of PBS solution at 37°C for 30 minutes per run. VersaStudio software (Princeton Applied Research, USA) was used for data acquisition at open circuit potential over a frequency range of 100 kHz down to 10 mHz using a peak-to-peak 10 mV sinusoidal
perturbation. The charge transfer resistance, R ct and the absolute impedance at the minimum frequency, (|Z|) were determined from the Nyquist plot and Bode plot respectively with the aid of an EIS software (ZSimpWin version 3.6, Echem Software, USA). The measured spectra were then fitted with equivalent circuits by using the software. 
Mechanical properties of the CP-Fe scaffolds
The mechanical properties of the CP-Fe and pure Fe samples (10 mm x10 mm x1.6 mm)
were assessed through a uniaxial compression test using a universal testing machine (Instron 8874, Instron, USA) with a 50 kN load cell at 0.08 mm/s cross-head speed. Prior to the testing, little surface finishes were gently performed on the dried samples using SiC paper (# 1200) to produce a more uniform and flat surface. Then the samples were air-dried by airblow using an air-compressor and let them to dry at room temperature. The test and the for 28 days. After 28 days of immersion, the samples were taken out and air-dried by an airblow using an air-compressor and let them dry in a desiccator for 2 hours prior to the test.
In vitro cell viability evaluation of CP-Fe scaffolds
To evaluate anti-cancer activity of the CP-Fe scaffolds, a set of cell viability test was performed by applying direct contact according to Shearier et al. [44] Non-treated cell, pure PLGA, pure Fe and pure curcumin were treated as controls. After each predetermined day, the media and the scaffolds were discarded, then 100 µL MTT solution was added and incubated for 4 h. Then, 1 mL dimethyl sulfoxide was added in each well to 
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Statistical analysis
All data are expressed as the means ± standard deviations (SD) (n = 3-5) in this study.
Statistical comparisons were performed using one-way ANOVA through Tukey's HSD (honest significant difference) test, wherever necessary. A p < 0.05 was considered statistically significant, and a p < 0.01 was considered very statistically significant. Supplemental Table S1 . In general, no significant initial burst releases were observed from all the formulations. Based on the release profile, the release rates as indicated by the slopes of the release curves, were increased in the order of Cur-Fe < 80C-20P-Fe < 50C-50P-Fe < 20C-80P-Fe. Therefore, the amount of curcumin in
Results and discussion
Surface morphology and physical properties
Long-term in vitro release kinetics
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A C C E P T E D M A N U S C R I P T 13 the CP-Fe scaffolds influenced its release kinetic whereby relatively lower release rates of curcumin were observed for scaffolds with higher curcumin amount. With the increase of PLGA composition in CP-Fe scaffolds, faster curcumin releases were observed. The intermolecular interactions between curcumin and PLGA led to the higher curcumin dissolution and consequently increasing the release rate. A part from that, higher PLGA composition accelerated iron substrate degradation further and this could also trigger curcumin release from the scaffolds as well. The current density is directly proportional to the degradation rate of the scaffolds. Table 1 shows the corrosion potentials and the degradation rates of Fe, Cur-Fe and CP-Fe scaffolds.
Degradation behavior
Cur-Fe had the lowest degradation rate of 0.10 mm/year and it has been postulated by previous studies that curcumin tended to form a protective layer when adsorbed on metal surfaces and this caused curcumin to slow down the degradation of Fe in the present study [46] . compared to that of pure Fe was attributable to the local acidic hydrolysis of PLGA that had taken place in the scaffolds [30, 47] . Higher degradation rate shown by the CP-Fe scaffolds was a favorable outcome in the present study since slow degradation rate of Fe has been a major concern over its use as a temporary implant. Thus, the degradation rate of the Fe scaffolds could be further escalated and controlled by modulating the curcumin-PLGA composition in the CP coating. (Fig. 4(a) ) signifying relatively more pronounced Fe degradation in the samples compared to those of pure Fe (Fig. 4(c) ) and Cur-Fe samples ( Fig.   4 (e)). In order to identify the oxide degradation products on the cleaned iron surface, the elemental compositions of the cleaned iron surfaces were quantified by a simple EDS measurement. The elemental compositions at the selected area on the iron surface were presented in Fig. 4(b,d,f) . The area 1 (Fig. 4(b) ) with white-coloured phases represent fresh and less-corroded iron surfaces having a relatively low composition of oxygen while area 2 and area 3 with grey-coloured and darker phases correspond to the oxide degradation products of iron as indicated by a higher composition of oxygen (Fig. 4(d,f) ).
In bone scaffold applications, an accelerated degradation rate of iron-based scaffolds is highly desirable so that the biodegradation of the scaffolds match with the tissue-healing period. In the present study, Cur-Fe samples with the highest curcumin loading showed a lower degradation rate which in turn, limits its use as a potential bone scaffolds. Nonetheless, the incorporation of PLGA enhanced the degradation of the scaffolds. In bone healing process, the progressive degradation of a scaffold should proceed for 12 to 24 weeks. Thus, the CP-Fe scaffolds (80C-20P-Fe, 50C-50P-Fe, and 20C-80P-Fe) with accelerated degradation rates provided a highly potent alternative to serve as a bone scaffold that fully degraded when the defected bone is completely healed. In order to investigate the biodegradation behaviour of the scaffolds including the optimized degradation rate, a future in vivo work could be performed in an animal model to rigorously monitor the degradation functionality of the CP-Fe scaffolds in a more real physiological condition aimed at achieving clinically appropriate degradation rate and optimal bone formation through the scaffolds. The occurrences of hydrolysis in CP-Fe scaffolds during the course of the immersion were ascertained by evaluating the IR spectra of the dry samples. The PLGA hydrolysis is characterized by an increase in OH peak in IR spectra in the region of 3200-3500 cm -1 due to the carboxylic acid groups produced through the hydrolysis [30, 48, 49] . The IR spectra of the dried pure iron, Cur-Fe, 80C-20P-Fe and PLGA-Fe samples taken after 28 days immersion are depicted in Fig. 5 . Apparently, the broad and intense peaks at 3200-3500 cm 
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OH peak in the IR spectra. However, this effect has been minimized by thoroughly drying the samples prior to the ATR-FTIR measurement as stated in the materials and methods part. The ionic and electrical conductivity of CP particles were also assessed by means of EIS and four-point probe technique, respectively. From Fig. 7(a) , the absolute impedance showed a decreasing trend as the PLGA amount increased. Lower absolute impedance is indicative of
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20 improved conductivity of a system. The decrease of the coating impedance as the PLGA composition increased was ascribed to the PLGA's ability to incite ionic conductivity in the CP coating. Polar side chains of carbonyl groups (C=O) in PLGA could contribute on this ionic conductivity effect [50] . Besides, the electrical conductivity of CP pellets was also quantified as presented in Fig. 7(b) . The fitting of the experimental impedance responses yielded values of the least-squares fit parameter, χ 2 around 10 −3 as tabulated in Table 2 , indicating that the EIS simulations fitted the experimental data well. Table 2 summarizes the values of charge-transfer resistance R ct [54] . Binding energy at 289.23 eV corresponds to the C=O in PLGA and curcumin molecules [55] . The peak at 290.05 eV is ascribed to the carbon in carboxylate O=C-O-group of hydrolyzed PLGA [56] . The peak at 291.12 eV is attributable to the carbon in undissociated carboxylic acid groups (O=C-OH) in PLGA [57, 58] . ) and carboxylates COO -from PLGA, respectively [59] . The peak at 531.8 eV represents the C=O species in PLGA and curcumin while the peak at 532.14 eV is attributable to the C-O-C from PLGA (aliphatic). The peak appearing at 532.40 eV was contributed by C-O-C species from curcumin (aromatic) while the peak at 533.17 eV representing C-OH species in curcumin [60] . Fig. 9 (e). These shiftings suggest that the carbonyl groups in CP coating could be interconnected via intermolecular hydrogen bonding and once deposited on Fe surface, the bonding was disrupted and consequently causing the C=O peaks to be shifted upwards [61] .
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Interfacial interactions by XPS and ATR-FTIR
Thus, the shiftings of the carbonyl C=O peaks in both XPS and ATR-FTIR measurements evidently showed that there were interfacial interactions between the CP coating and Fe surface. The interfacial interactions between CP and Fe surface could assist in enhancing mechanical strengths of the scaffolds.
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Mechanical-degradation relationship
In the present study, the compressive strengths and the stiffness of all the CP-Fe scaffolds are within the range of the cancellous bone's compressive strength (0.1-16 MPa) and stiffness (10-1570 MPa) [62, 63] . This within-the-range strength is a vital characteristic of an ideal bone scaffold. An ideal biodegradable scaffold should provide adequate temporary mechanical support while maintaining its progressive degradation [7] . In bone healing process, the mechanical support provided by bone scaffolds should be sustained for [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] weeks (3-6 months) [64] . The mechanical properties of Cur-Fe, 80C-20P-Fe and 50C-50P-Fe scaffolds after 28 days of immersion were determined to assess the effect of degradation on the mechanical integrity of the scaffolds. showed a higher cell viability and no growth inhibition as the culture-time progresses [65, 66] . Meanwhile, the OS cell viability of pure PLGA samples did not change much as the OS cell viability remained more than 85% over the course of incubation time. This indicated that the acidic hydrolysis products of PLGA did not pose significant growth-arresting effect on the OS cells. Since pure PLGA and pure Fe samples have not shown significant effect on OS cell arrest, the ability of Cur-Fe and 80C-20P-Fe samples to retard the OS cell growths was mainly attributed to the presence of curcumin owing to its ability to induce cell cycle arrest and apoptosis in the OS cell line [67] . Nevertheless, the insignificant growth-arresting effects shown by PLGA hydrolysis and Fe substrate degradation could be advantageous in such a way that they could not negate the growth of normal healthy cells during the bone formation process.
Cell viability test
Iron-based material has been vastly studied for biomedical applications. It has a great potential as biodegradable bone scaffolds [27] , coronary stents [68] and nanoparticles [69] . A recent long-term animal study performed by [70] 3 could lead to a decline in cytocompatibility and tissue regenerations due to the possible induced toxicity. Some studies also reported a poor biocompatibility of Fe-based scaffold particularly in in vitro condition due to the accumulations of insoluble iron oxides and excessive release of Fe ions [26, 71] . In this regard, an appropriate control on its degradation rate and subsequent ions release is necessary so as to make sure the ions concentration is within the tolerable limit.
The cells viability study can be extended to the normal healthy cells of bone to evaluate the effect of CP-Fe degradation on surrounding healthy tissues. In vivo mechanical-degradation tailoring study could also be performed to monitor the degradation functionality of the CP-Fe scaffolds aimed at achieving clinically appropriate degradation and optimal bone formation
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Proposed structure-function relationships in CP-Fe scaffolds
An understanding on the structure-function relationships of the constituted materials is essential in the design of effective drug-device systems. In the present study, the proposed structure-function relationships in CP-Fe scaffolds has been addressed based on the interactions between PLGA, curcumin, and Fe, thus establishing a relationship between compositions, structure, observed properties and functionalities. The functionalities of the CP-Fe scaffolds have been improved by the incorporation of PLGA in terms of curcuminrelease kinetics, scaffold degradation and mechanical properties. 
Conclusion
In the present study, PLGA's hydrolysis and its ionic conductivity promoted CP-Fe's 
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